Objective: To characterize the clinical and radiologic features of hemiparkinsonism-hemiatrophy syndrome (HPHA).
defined as a unilateral loss of body mass observed in two or more of the following body regions; head, face, arm, hand, leg, foot, or trunk. The onset of parkinsonism in HPHA syndrome was dated to the onset of tremor, slowness, rigidity, or dystonia as recalled by the patient or a family member as the onset of the disease, although HA was noted from a very young age. A detailed history focusing on prenatal and perinatal events was obtained. In addition to neurologic examination, the parkinsonian findings were rated by the Unified PD Rating Scale (UPDRS). 14 Video recordings and photographs, obtained after written consent approved by the Baylor Institutional Review Board for Human Research, were reviewed to confirm the clinical findings. All MRI scans were evaluated and carefully examined for evidence of cerebral HA and any other abnormalities. All other laboratory results, including PET scans and genetic studies, were also reviewed. Demographic, clinical, and other information was entered into a database and analyzed.
RESULTS
The mean age at onset of a movement disorder in the 30 patients (18 female) was 44.2 (15 to 63) years (table 3) and the mean duration of symptoms as of April 2006 was 9.7 (2 to 20) years. Left and right side of the body were equally represented. Bradykinesia and rigidity were observed in all patients, but tremor was present in only 21 (70%). Twenty-one (70%) patients had dystonia during the course of the illness and in 15 (50%) dystonia was the initial presenting symptom. Two patients (nos. 2 and 29) had action dystonia of the foot since childhood preceding the onset of parkinsonism by over 35 years. Among patients with dystonia, 14 of 21 (67%) had focal dystonia involving the leg or foot only; 7 of 21 (33%) had dystonia of the upper limb or the face in addition to involvement of the foot (hemidystonia). The dystonia was action-induced in 13 patients at the onset of the illness. Activities such as walking, running, writing, or using a keyboard precipitated dystonia. Two patients had early morning dystonia. Tremor was the presenting manifestation in 12 (40%) patients, bradykinesia in 2, and gait imbalance in 1 patient. Six patients had a circumducting gait, three had falls, and only one patient had freezing as a complication. Eleven (37%) patients had scoliosis. Seven had deformities of the shoulder girdle muscles which included winging of the scapula in two patients, raised shoulder due to shortening of trapezius muscles in two patients, and shoulder elevation with rotation in three patients.
Body atrophy was observed in face, arm, hand, leg, or feet to a varying degree. Unequal leg length was noted in three patients. Seven patients had brisk reflexes on the side of the HA and five had extensor plantar responses. Six patients had a striatal hand and two had striatal foot deformity. 15 Response to levodopa was rated as good in 18, moderate in 6, and poor in 6. In 7 (23%) patients the disease progressed to bilateral symptoms, after an average of 5.8 years. Our case series included a pair of identical twins with onset of HPHA in their 20s; both were right handed but one had HPHA on the left and in the other on the right (figure 1). There was no clear documentation of birth asphyxia, but the pregnancy, complicated by hypertension in the mother, was terminated by a premature birth.
Among 9 of 19 (47%) patients in whom a birth and early childhood history were available (table  3) , four patients had a difficult, prolonged labor with or without forceps delivery, three patients had a premature birth, one patient had severe febrile illness during the first year of life, and one patient sustained a gunshot injury to the head at age 6 years. Ten (33%) patients had difficulty in walking during early childhood. There was no direct correlation between history of birth problems and subsequent walking difficulty, but 5 of the 10 patients with birth history later developed gait difficulty. Four patients had learning difficulties and required special school education.
MRI findings were heterogeneous (table 4) . Nine (30%) patients had evidence of cerebral HA suggested by asymmetric lateral ventricles and loss of volume in the cortex and subcortical areas (figure 2). Three had hyperintense lesions on T2weighted films in basal ganglia or pons involving substantia nigra. One had a thalamic cyst (figure 3) and one patient had an arachnoid cyst occupying the posterior fossa. Eleven (33%) scans were interpreted as normal.
Family history was generally noncontributory. One patient had a family history of PD in a firstdegree relative and two patients reported that a grandparent was diagnosed with PD. Five patients underwent surgical treatment; three patients had thalamotomy and one each underwent deep brain stimulation (DBS) of the ventral intermediate (VIM) nucleus of the thalamus and subthalamic nucleus (STN). In two patients who underwent thalamotomy the modest improvement lasted only for a few months. The patient who received STN DBS has continued to improve.
DISCUSSION
In this, the largest reported series of patients with HPHA, we draw attention to the heterogeneity in clinical, imaging, therapeutic features of this uncommon syndrome. The presence of HA is often recognized by the patient or the parents from a very young age, suggesting that both the HA and the ipsilateral HP are a consequence of the same underlying perinatal injury. The presence of birth-related problems, severe febrile illness in early childhood, and head injury in half of our patients in whom the birth history was available indicates that early cerebral insults are primarily responsible for the syndrome of HPHA. This is also supported by the MRI findings of cerebral HA in 30% of cases with additional 16% having lesions in the basal ganglia, substantia nigra, or the thalamus. Besides the presence of HA on the side of HP, HPHA differs from idiopathic PD in several ways. The onset of parkinsonian symptoms is much earlier compared to typical idiopathic PD and symptoms remain unilateral for a much longer period and progress at a much slower rate than those associated with idiopathic PD. Also, the response to levodopa is markedly variable in HPHA; although majority of patients improve, some patients clearly do not respond to levodopa.
Our report draws attention to the increasingly recognized group of disorders characterized by delayed onset and progressive course following a static lesion. [16] [17] [18] [19] The mean age at onset of parkinsonism in our cohort of 30 patients was 44.2 years, similar to the mean age at onset of 43.7 years in another study involving 15 patients, 2 and 38.1 years in a study involving 11 patients. 3 The reasons for the observed variable latency from the presumed initial insult to the onset of parkinsonian symptoms (15 to 63 years in our study) are not clear, but may be related to the variable degree of brain neuroplasticity and dopamine reserve, depending on the severity, extent, and type of injury. Although compensatory mechanisms may play a role in the initial recovery from the injury, these eventually fail and the patient's symptoms progress. 20 In fact, at the outset it may be difficult to differentiate HPHA from PD as PD typically begins unilaterally. HP in HPHA usually remains unilateral, but may become bilateral, although usually stays asymmetric. 21 Focal dystonia is a common early symptom in HPHA [1] [2] [3] 9 and was seen in 21 (70%) patients in our study. Although dystonia may be the presenting symptom of PD, 22, 23 other features of parkinsonism usually develop within a few months. Dystonia in untreated PD is seen more frequently in young-onset PD 24, 25 and the diagnosis of PD should be considered in all cases of adult-onset foot or leg dystonia. 26, 27 Two patients in our series (Patients 2 and 29) had dystonia starting in childhood, preceding the onset of parkinsonism by over 35 years. The dystonia was primarily induced by activities such as walking, running, and writing. Two similar cases have been reported by others. 1, 9 The delayed manifestation of dystonia without other features of parkinsonism following perinatal anoxia (static encephalopathy) has also been documented. 16, 28 Axial signs such as swallowing difficulties and speech were affected only mildly or not at all during our follow-up period. Asymmetric freezing of gait was observed in one patient (Patient 14) . While this sign is typically present in PD, it is usually symmetric in that disorder. 29 A similar case associated with asymmetric freezing has been reported previously in a patient with HPHA. 30 Seven patients had brisk reflexes with extensor plantar response on the side of HA. The presence of pyramidal tract signs has been consistently noted in other reported cases of HPHA. [1] [2] [3] 6, 7, 9, 12 The hyperreflexia suggests that the original brain insult affected both the extrapyramidal as well as the pyramidal system.
Scoliosis and other joint and skeletal abnormalities have been long recognized in patients with PD 15, 23 and these abnormalities seem particularly common in HPHA. In a study with rats where HP was induced experimentally, scoliosis was noted to be closely related to the depletion of extracellular striatal dopamine and to the development of postsynaptic dopamine receptor super- 31 Rats with the strongest dopamine depletion (greater than 95%) and the strongest rotational responses to amphetamines showed the sharpest spinal deviation and skeletal deformity. Striatal hand and foot deformity, 15, 23 typically characterized by flexion at metacarpophalangeal joint, extension of interphalangeal joint and ulnar deviation of the hand, and extension of the first and concomitant flexion of the second phalanges of the foot, was noted in 8 (26%) of our patients. Minimal asymmetry of the body is considered normal, but the occurrence of observable asymmetry often suggests abnormal development. 32 Although the term hemiatrophy implies a loss of body mass, in most of our patients it suggests failure to grow fully. 33 The somatic asymmetry in some of our patients was relatively mild while in other cases it was extreme. 5 The more frequently involved areas in our study were the hands, followed by feet and face, but one area of the body may be more affected than the rest of the body on the same side. 2 When the body asymmetry was marked, this was often noticed by the patient from a very young age, especially when encountering difficulties correctly fitting shoes. This suggests that the atrophy is a result of a failure of development rather than atrophy occurring later in life, as seen in conditions such as Parry-Romberg syndrome 34 or in linear scleroderma. 35 It is well documented that a cerebral injury sustained early in life can result in poor growth in the corresponding side of the body. 36, 18 One of the first pieces of evidence came from a 1943 study by Penfield and Robertson 33 in a cohort of patients with epilepsy undergoing cortical mapping who developed gradual body atrophy following a cerebral injury. The authors concluded that the patients who had asymmetry of the body had focal lesions in the postcentral gyrus, internal capsule (mainly the sensory radiations), or lesion on both postcentral and precentral cortex with varying involvement of the internal capsule. Patients who had lesions confined to frontal, occipital, and temporal portions of the cortex apparently did not have HA. Diffuse cerebral HA 37, 38 as well as focal brain lesions 33, 39 have been associated with body HA. Hemiatrophy occurring as a result of involvement of only subcortical structures has not been studied extensively, but a few case reports suggest that subcortical lesions can also result in HA. 40 In addition to HPHA, HA or focal atrophy has been associated with dystonia. 41 The history of cerebral injury occurring at birth or first few years of life in nearly half of patients and in other reports 1,2,9 supports the notion that HPHA is related to some perinatal or early childhood cerebral insult. A history of perinatal injury, however, has not been documented in all cases of HPHA. 3, 7, [10] [11] [12] [13] One reason for the lack of association between HPHA and early injury is that information about birth history is often not available or is not reliable. Furthermore, cerebral insults occurring during the prenatal period may not have been recognized. 42, 43 The types of cerebral injury experienced by our patients ranged from complications associated with birth to severe febrile illness to gunshot injury of the head. In a majority of documented cases the cerebral insult occurred around the time of birth or in the first few months of life. In one patient the injury occurred at age 6 years, a gunshot injury to the head, similar to other reported cases. 44 Although brain insults during pre-or perinatal period are most likely to be associated with subsequent HA, cerebral injury sustained as late as 9 years of age has the potential to produce HA of the body. 39 The MRI findings in patients with HPHA can be broadly grouped into four categories: 1) focal atrophy or diffuse cerebral HA, 2) single or multiple focal lesions in the basal ganglia, 3) single or multiple focal lesions outside the basal ganglia system probably an incidental finding unrelated to underlining pathophysiology, and 4) normal scans. Nine (30%) patients in our study demonstrated cerebral HA with enlargement of the lateral ventricle on the affected side, with reduction in the cortical and subcortical volume ( figure 2,  table 4 ). Other studies reported similar findings 3
Figure 1
Twins with hemiparkinsonism-hemiatrophy syndrome (HPHA) showing asymmetry of upper extremity and chest as well as bony changes such as of unilateral calvarial thickening, expansion of the ethmoid, frontal, or mastoid sinuses, and elevation of the petrous ridge and greater wing of the sphenoid as in Dyke-Davidoff-Mason syndrome. 40, [45] [46] [47] Two patients showed an apparent shift of the ventricles and falx to the atrophic side, a feature seen in more severe cases of cerebral HA 40, 45 ( figure 2) . Review of the previously reported cases (tables 1 and 2) shows similar abnormalities on CT or MRI which is in contrast to the findings in idiopathic PD where the imaging studies are essentially normal. We found no correlation between the severity of brain and body HA, consistent with the findings from other studies. 3 Also, there was no correlation between history of birth trauma and abnormal MRI findings. PET studies have provided some insight into the underlining dysfunction, but the findings have not been consistent. PET with [ 18 F]-fluorodeoxyglucose (FDG) showed reduction in glucose metabolism in caudate and lentiform nuclei or medial frontal cortex, contralateral to the clinically involved side, in patients with HA, compared with unilateral PD and normal controls, in a study of six patients with HPHA. 4,8 [ 18 F]-fluorodopa (FDP) PET scans have shown reduced uptake in the contralateral striatum in patients with HPHA compared to normal controls, 9 but also bilateral reduction in FDP uptake was reported in a patient with HPHA. 4 PET with [ 18 F]-fluoroethylspiperone (FESP) that assesses striatal dopa- mine D2 receptor binding capacity did not show an expected reduction in FESP in two patients with HPHA who responded poorly to levodopa. 8, 11 These results suggest that HPHA is a heterogeneous disorder manifested by a variable degree of pre-and postsynaptic nigrostriatal dopaminergic dysfunction. 4 Cerebral HA usually represents the end stage of a number of etiologies that may be congenital (sustained intrauterine) or acquired (at birth or following birth). 40 Cerebral hemiatrophy is often associated with hemiplegia, seizures, cognitive deficits, and mental retardation. Unilateral damage to the brain occurs relatively commonly as a pattern of injury secondary to perinatal asphyxia and accounts for a high proportion of cases of cerebral palsy. 48, 49 Specific pathophysiologic perinatal asphyxia conditions can cause unilateral brain injury resulting in cerebral and somatic HA. 50 The timing of cerebral insult may also determine the natural history of the lesion and whether it will remain focal or progress to become more diffuse. 18 This is partly due to the selective vulnerability of specific cell types and brain regions to injury during the period of active brain development. 51 Early in fetal development, brain insults often result in more global, including midline, abnormalities. During late second to early third trimester, the cortical and subcortical white matter is particularly vulnerable to injuries, 52 usually manifested by periventricular leukomalacia on brain MRI scans. 53 At term the most vulnerable areas are cerebral cortex, basal ganglia, and thalamus and injuries during this period typically manifested on MRI by hyperintense signals in the putamen and ventrolateral thalamus, parasagittal cortical infarctions, and multicystic encephalomalacia. 54 There is a wide variability in the vulnerable structures during the postnatal period and the resulting changes are largely dependent on the type of genetic disorder or acquired insult. 51, 55 Genetic etiology, possibly modified by intrauterine environmental factors, is suggested by the occurrence of HPHA in our pair of twins (figure 1 ). Furthermore, genetic abnormalities, including parkin mutations, 56 have been reported to be associated with HPHA.
Six (20%) patients had delayed milestones, 3 had learning difficulties requiring special education, and 8 (26%) had a limp as a child which gradually improved. Early developmental delay and mild motor impairment has also been reported in other series of patients with HPHA. 7, 12 These early manifestations fall into the spectrum of hemiplegic form of cerebral palsy. 43, 49, 57, 58 Thus it is possible that some of our patients with HPHA had a variant of cerebral palsy.
The response to levodopa therapy in our and in other cases of HPHA was variable. Although a poor response was reported by Klawans 1 in his first four cases, the majority of published cases showed a relatively good response to levodopa therapy. 2, 3, 5, 7, 9 In our study, 80% of patients responded to levodopa and 60% had a response rated as good. It is likely that the levodopa nonresponders had a dysfunction of the postsynaptic or downstream striato-pallidal system. Three patients in our study developed dyskinesia, also reported in another case series. 4 Similar to other reports, 2,3,5 seven patients in our series developed bilateral disease over the course of the illness but continued to maintain asymmetric disease, with worst symptoms on the side of HA. Besides PD, the other markedly asymmetric neurodegenerative disease is corticobasal degeneration, a tauopathy whose clinical features overlap with progressive supranuclear palsy, interestingly a remarkably symmetric disease. 59, 60 One possible explanation for the apparent spread to the contralateral side in some of our patients is that the initial cerebral insult may have affected both cerebral hemispheres with one more than the other and symptoms began on the side worse affected and involved the other side later. In the vast majority of our patients, however, symptoms remained unilateral during the follow-up period, responded to levodopa, and had minimal levodopa induced motor fluctuations and dyskinesias. Surgery as a means of therapy for the associated parkinsonism and dystonia has been tried in five of our patients, three of whom underwent unilateral thalamotomy, one VIM DBS, and one bilateral STN DBS. In two patients who underwent thalamotomy, the improvement lasted only a few months. One patient had a good response to levodopa but because of uncontrollable motor fluctuations and dyskinesias was selected for STN DBS which eliminated his dyskinesia and markedly improved his "on" time. Other cases of HPHA have been reported to improve with surgery, including unilateral pallidotomy 9 or DBS. 12 The pathogenic heterogeneity of HPHA is suggested by the variable clinical signs, course, and imaging findings. Studies into the pathogenesis of HPHA may provide insights not only into this disorder but also into other neurodegenerative disorders. For example, it is possible that a pre-or perinatal event or process predisposes some individuals with parkinsonism, perhaps even with PD, to start with fewer dopaminergic neurons at the time of birth and with age-related attrition reach the critical threshold when clinical features of dopaminergic deficiency become manifested. 20, 61 This is supported by several studies in which in utero exposure to some toxins, such as the bacteriotoxin lipopolysaccharide 62 or the herbicide paraquat and the fungicide maneb, may reduce the number of normal dopamine neurons at birth. 63 Using antisense oligodeoxynucleotides against Y chromosome-linked, male-determining gene SRY, specifically expressed in the substantia nigra of the adult male rodent in tyrosine hydroxylase-expressing neurons, leads to SRY downregulation in the substantia nigra and a significant decrease in tyrosine hydroxylase expres-sion. 64 Therefore, deficiency in the SRY gene in males may lead to development of PD. These studies provide evidence that developmental exposures resulting in an early loss of dopaminergic neurons, particularly when coupled with genetic predisposition and subsequent environmental insult, can result in progressive nigrostriatal degeneration, consistent with the multiple-hit hypothesis. 65 Our understanding of the pathogenesis of HPHA is limited, largely because of paucity of data related to perinatal events, lack of animal models, and absence of consistent pathologic findings. It is likely that different pathogenic mechanisms are responsible and that HPHA is a clinically and etiologically heterogeneous condition. The clinical signs, course, and functional image findings of this syndrome vary substantially from case to case. Further studies are needed to understand the pathoanatomic and biochemical abnormalities in HPHA and the impact of early cerebral injury on subsequent basal ganglia function.
